We present a new method for calculating the superelevation of debris flow when it encounters obstacles in the process of flowing. Our calculation method is based on the Bingham Model for debris flow determination and considers the vertical difference of debris flow velocity and characteristic parameters of debris flow on a hypothetical basis. Moreover, we conducted an indoor flume experiment to verify the accuracy and reasonability of our calculation method. The experimental results showed that our method is able to accurately calculate the superelevation of debris flow with a root-mean-square error (16%). Furthermore, we provide an in-depth example of how our calculation method can be employed. Ultimately, we conclusively prove that our calculation method can be used for the superelevation calculation of debris flow climbing ascending slopes. Finally, we provide more exact parameters for debris flow protection engineering.
Introduction
Debris flow causes superelevation when it encounters obstacles in the flow process, or when channels suddenly become narrow. This is the result of the kinetic energy of the debris flow being converted to potential energy in the space of a single instant [1] . Extremely high superelevation of debris flow can be disastrous and cause casualties, in part because people do not pay sufficient attention to the risks posed by debris flow [2] . For instance, debris flow in Qiongshan Gully in the upper Dadu River basin climbed a slope of more than 15 meters and smashed a building, killing 51 people in 2003 [3] .
The accurate calculation of maximum superelevation of debris flow is crucial for designing debris flow prevention projects [1, 4, 5] . For example, when designing debris dams, builders must factor in how debris flow will impact the dam, such as the occurrence of superelevation on the wing wall. Superelevation on the wing wall is disadvantageous to the stability of the dam body because the debris flow could potentially bypass the wing wall and flush out on the sides of the dam, causing corrosion between the back of the dam and nearby gullies. Thus, the accurate calculation of maximum superelevation is paramount.
Additionally, design parameter calculations for drainage canals and protection embankments also require the exact calculation of debris flow superelevation in terms of debris flow encountering obstacles. If the calculation of superelevation is too low, the debris flow can bypass protection engineering projects and damage farmlands, villages, towns, and roads.
Previous studies have proposed calculation methods that use the mean velocity of debris flow and the law of conservation of energy for determining the maximum superelevation of debris flow climbing ascending slopes [1] . These superelevation results were typically used to back-calculate the debris flow velocity of large-scale flume experiments [6] [7] [8] [9] . Mancarella and Hungr [10] used a dynamic model based on shallow-flow assumptions to study debris flow predictions for rapid landslides and avalanches against protective dikes and walls placed perpendicular to the path of the debris flow. Choic et al. [11] used flume experiments and the discrete element method (DEM) to study the interaction between debris flow and the baffles, a kind of structural countermeasure positioned along the flow path, which can change flow depth and cause superelevation. Iverson et al. [12] have argued that debris flow run-up is influenced by both smooth momentum fluxes and abrupt momentum jumps and that heights vary systematically with slope angle, effective basal friction, and the flow Froude number. To be successful, run-up predictions must account for the unsteadiness of incoming flows. On one hand, the results of the above calculation methods have been flawed and inaccurate. For instance, calculations based on the mean velocity of debris flow had large errors, which implies that there are implicit dangers in current prevention and control engineering methods. On the other hand, alternative and potentially more accurate calculation methods are too complex to be applied in practical engineering. As such, we propose a new method to calculate the superelevation of debris flow climbing ascending slopes. The accuracy and applicability of our method were verified by the results of 9 indoor flume experiments. We conclude by providing more exact parameters for debris flow protection engineering.
Theoretical Equation Based on the Bingham Model
We assume that the debris flow impinging on an obstacle is 2-dimensional (2D), based on Bingham Model and unaffected by the dynamics of run-up on the obstacle. By comparing the differences between measured data and calculated data [1] , we found that most superelevation calculations for debris flow were smaller than the measured value. The main reasons for this occurrence are as follows:
(1) The former calculation methods were deduced by energy methods:
where ℎ is the superelevation of debris flow, is the function of the slope, V is the mean velocity of the debris flow, and is the gravitational acceleration. Equation (1) regards debris flow as a moving whole which treats a debris flow as a highly idealized frictionless point mass and calculates the superelevation of debris flow climbing ascending slopes as the height of the debris flow center of gravity (as a whole, ℎ 0 ), whereas the actual superelevation of debris flow climbing ascending slopes is the edge height of the mud depth from the surface of the debris flow ℎ, ℎ 0 < ℎ (as shown in Figure 1 ).
(2) The velocity of the debris flow in (1) is the mean velocity, which is not uniformly distributed in the scope of the mud depth. In diluted debris flows, the surface velocity is larger than the mean velocity; in viscous debris flows, there is a "plug" in the vertical direction of the distribution in which the velocity is larger than the mean velocity of the debris flow [13] [14] [15] [16] .
Based on the above analysis, we selected a micro unit of the debris flow surface as the object of the energy balance. We used the Bingham Model to calculate the superelevation of the debris flow.
In the Bingham Model, it is understood that the velocity is not evenly distributed vertically; however, there is a uniform section of velocity that we refer to as "plug." "Plug" is the scope of ℎ 0 in Figure 2 . Below the "plug," the velocity of the debris flow decreases quickly and the bottom velocity is zero. The shear force in the Bingham Model is
where is the coefficient of the viscosity and is Bingham limit shear stress. The shear force is
where is the bulk density, is the mud depth, and is the slope of the gully. By combining (2) and (3), we were able to obtain the velocity below the "plug," based on vertical integration.
The thickness of the "plug" is
The velocity at the top of the "nonplug" is equal to the velocity in the "plug" section, and the surface velocity is the velocity in the "plug" section.
Meanwhile, we were able to obtain the mean velocity in Bingham Model based on vertical integration.
where V is the mean velocity. In order to simplify the calculation, we operated under the following hypothesis: the bottom of the debris flow met and overflowed all obstacles, resulting in the formation of a smooth surface in the wake of the debris flow. As such, the surface velocity of the debris flow changed direction, but not value. Specifically, 0 = (Figure 1 ), and the direction of 0 was parallel to the surface of the obstacle. Meanwhile, some forces are neglected: forces on mass boundary and internal friction causing dissipation and outflow kinetic energy.
The micro unit of the surface of the debris flow caused energy principle.
where is the angle between 0 and the vertical of (Figure 1 ), specifically the angle between the vertical of the direction of debris flow and the surface of the obstacle on the plane parallel to the direction of debris flow but perpendicular to the horizontal plane ( Figure 3 ). is the angle between the direction of the debris flow and the surface of the obstacle on the plane parallel to the ground and is the channel slope (Figure 3 ), which was small in the field and had cos ≈ 1, meaning this item could be omitted.
Note. Auxiliary line is parallel to , is parallel to 0 , is the intersecting line between the ground and the surface of obstacle, is perpendicular to , the plane composed by and is perpendicular to the horizontal plane, is parallel to horizontal plane, is the angle between and , is the angle between and , and is the angle between and the ground. Finally, we obtained the theoretical superelevation of debris flow climbing ascending slopes based on the Bingham Model.
The newly deduced equation (9) utilizes a micro unit from the surface of debris flow to serve as the object of study. Equation (9) (based on the Bingham Model) considers characteristics such as density, grain composition, coefficients of viscosity, and gradients of slopes, which makes its calculations highly accurate.
Verification and Analysis of Equations

Specifications for the Experimental Model.
In this study, we conducted our experiments in a debris flow simulation laboratory at the Institute of Mountain Hazards and Environment, part of the Chinese Academy of Sciences (CAS). The experimental facility consisted of a hopper, flume, obstacle model, and tailings pool. Figure 4 shows a schematic illustration of the experimental model. The hopper was rectangular with a length of 60 cm, a width of 60 cm, and a height of 80 cm. It had the capacity of 0.1 m 3 , and it was affixed to the flume and controlled the discharge from the gate. We conducted our experiments in a flume with a length of 400 cm, a width of 30 cm, and a height of 40 cm. The gradient of the flume was adjustable from 0 ∘ to 20 ∘ . We placed a model of an obstacle at the bottom of the flume. The modelled obstacle had a surface slope of 63 ∘ . We used the tailings pool to recycle the debris flow.
Experimental Materials.
We collected experimental material samples for use in our indoor flume experiments from sites located in Gan Gully, the Level 1 tributary canal of the Yinchang Gully in the upper stream of the Qian River in the Longmen mountain town of Pengzhou, Sichuan Province. At this location, there was an outbreak of large-scale debris flow on the night of August 18, 2012. The specific sampling sites were located on the east side of the alluvial fan. The maximum particle size of the experimental materials was 20 mm. We took 5 random samples for grain size distribution analysis before conducting the experiments. Figure 5 shows the grain size distribution of the experimental materials.
The Experimental Contents and Phenomenon.
For the experiment, we installed a ruler on one side of the flume. We then used a high-speed camera to record the mean velocity of the debris flow and the superelevation climbing ascending slopes. We calculated the mean velocity of the debris flow by measuring the length of time it took for the head of the debris flow to move a specified distance. We determined the superelevation climbing the ascending slopes by measuring the highest position of the debris flow. We used the subsequent calculations and measurements for our analysis (Table 1) .
We found that the progress of the debris flow could be divided into 3 stages ( Figure 6 ): (1) the acceleration stage, (2) the uniform stage, and (3) the decelerating stage. When we opened the gate of the hopper, the speed of the debris flow gradually increased with gravity, as shown in Figure 6 (a). The debris flow reached a uniform state as a result of frictional resistance from the bottom, sides, and insides of the material. When the debris flow encountered obstacles, the obstacles and the two inside lateral surfaces of the flume formed a closed constraint space in the direction of the debris flow, which generated a superelevation of debris flow as (b)-(d). With a loss of energy, the last of the debris flow could not climb over the obstacles, causing the debris flow to "swing back" or reverse. This reversal caused a buildup of silt in the reservoir, making (e)-(f) and becoming static in the end.
Comparison of Calculated and Experimental Results
The Preparation of the Rheological Parameters.
We began by obtaining some parameters of the debris flow using rheological tests. We created a debris flow with a density of 19 kN/m 3 , 20 kN/m 3 , and 21 kN/m 3 . We then filtered out particles with a diameter larger than 1 mm by using a circular screen. After filtering, we used water to clean the circular screen so that finer particles would not be filtered. We then soaked the samples for 24 hours before conducting the rheological test. Table 2 provides the results of the rheological properties of the viscous debris flow [17, 18] . 
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The Results of the Experiment.
After preparing the rheological parameters, we calculated the superelevation climbing ascending slope using the rheological properties parameters of the debris flow, the measured lead mean velocity, and the measured superelevation using (1) and a modified version of (9) . Table 3 shows the comparison results.
Note. means hydraulic radius, which is calculated by
where is the width of the flume and = 30 cm. In the indoor experiments we conducted, the hydraulic radius differed from the mud depth, which we used to accurately calculate the results. V 1 represents the true mean velocity measured by determining the time it took for the debris flow head to pass through a fixed distance. V 2 represents the surface velocity of the debris flow calculated by (6) in which we used the hydraulic radius instead of the mud depth due to a theoretical derivation based on the Bingham Model. The derivation is based on a 2-dimensional (2D) model and is better suited for calculations using the hydraulic radius instead of the mud depth in the experiments when considering the effects of the two inside lateral surfaces of the flume. V 3 represents the value of mean velocity calculated by (7) . We compared the true mean velocity V 1 and the calculated mean velocity by (7) and showed their correlations in Figure 7 . We could verify that the flow parameters, apparent viscosity, and yield stress are consistent with stream depth and mean measured velocity V 1 .
In Table 3 , ℎ 0 represents the true superelevation measured by reading the high definition image. ℎ 1 represents the calculated superelevation measured by the mean velocity V 1 . ℎ 2 represents the calculated superelevation calculated by surface velocity V 2 using instead of in (9) . Specifically, it uses ℎ = 2 4 2 cos 2 sin
where 1 is the relative error between the true superelevation ℎ 0 and the calculated superelevation ℎ 1 measured by the mean velocity V 1 and 2 is the relative error between the true superelevation ℎ 0 and the calculated superelevation ℎ 2 determined by using
After analyzing the results shown in Table 3 , we compared the true superelevation ℎ 0 and the calculated superelevation ℎ 2 (Figure 8) , as well as their correlations (Figure 9 ). Therefore, we conclude the following: A the superelevation climbing ascending slopes using the mean velocity V 1 for calculation was less than the actual measured maximum superelevation ℎ 0 with a root-mean-square error (42%); B using (11) to calculate the superelevation climbing ascending slopes resulted in a value close to the actual maximum superelevation ℎ 0 with a root-mean-square error (16%), which could potentially meet the actual needs of engineers. The linear fitting equation is as follows:
Our experimental results conclusively show that the calculated superelevation climbing ascending slopes based on the Bingham Model is more accurate and reasonable than calculation methods that use the mean velocity of the debris flow. For instance, the confidence limits of our new calculated method were −21%∼+22%, the root-mean-error was 16%, and the -square was 0.93. Using (11) to calculate Code (group) e ratio of calculated value to the true value ℎ 2 /ℎ 0 ℎ 1 /ℎ 0 1 Figure 8 : Comparison of the superelevation results of the debris flow, where ℎ 2 /ℎ 0 represents the ratio of the calculated value using (11) compared to the measured value and ℎ 1 /ℎ 0 represents the ratio of the calculated value using (1) compared to the measured value.
the superelevation of the viscous debris flow not only met the limited error range, but also factored in the characteristics of debris flows and the gradient of the gully. We used the hydraulic radius instead of the mud depth to calculate the surface velocity and the maximum superelevation in (11) due to a theoretical derivation based on the Bingham Model, which involved the use of a 2-dimensional (2D) model that is more suitable for calculations using the hydraulic radius rather than the mud depth (because of the effects of the two inside lateral surfaces of the flume). Apart from this derivation, (9) and (11) are the same. For the indoor experiments, the effects of the two inside lateral surfaces of the flume were obvious, and we calculated the maximum superelevation using (11) . While in the field, most of the debris flow's mud depth was much smaller than its width, and there was little difference between the hydraulic radius and the mud depth . As such, we used (9) for the real-world application.
Example
There were less field survey data to validate (9) due to the instantaneous occurrence of debris flow and the absence of rheological parameters. In order to better illustrate this approach, we outline 3 case studies (below) that demonstrate the utility and practical applicability of using (9) . Case 1 is a well-documented debris flow reference case. Zhao et al. [19] investigated an occurrence where the superelevation of debris flow in a bend departed into the superelevation caused by centrifugal movement and superelevation climbing ascending slopes caused by normal velocity. The actual superelevation of the debris flow in the bend was 1.6 m, including the value caused by centrifugal movement (0.95 m). Therefore, the value caused by normal velocity was 0.65 m. The value using (1) for calculation was 0.4 m, which was less than the theoretical value of superelevation climbing ascending slopes. Using the mean velocity as a standard to design the countermeasure works would pose some risk.
Case 2 is the Yaner debris flow in Gansu Province, China. The Yaner debris flow gully is located in Wu du, Gansu Province, China (E104 ∘ 59 26 , N33 ∘ 21 41.43 ). The Yaner debris flow gully is a viscous debris flow type gully. The gradient was 0.18 due to the sedimentation of the debris dam between Dam 1 and Dam 2. The density was 20 kN/m 3 , the mud depth was 0.3 m, the coefficient of viscosity was 24.6 Pa⋅s, and the Bingham limit shear stress was 254 Pa which we collected for field sample. Using (9) for calculation, the superelevation climbing ascending slopes was 0.76 m, while the actual measured superelevation was 0.7 m with an error of 8% (the height of wing wall is 1 m which is used to contrast with the superelevation of debris flow in Figure 10 ). Case 3 is the Shimen debris flow in Gansu Province, China (E104 ∘ 30 15 , N33 ∘ 40 41.48 ). Specifically, we used the Shimen Gully, a tributary on the south bank of the Bailong River, as a real-world example. As illustrated by Ning [20] , the Shimen Gully is situated in Longnan and is part of the Gansu Province. The area of the catchment was 83 km 2 with steep valleys. Through visits and surveys with local people, we determined that Shimen Gully experienced 3 large-scale debris flows that caused enormous economic losses in 1988, 1989, and 1992.
To mitigate debris flow hazards, the local government of the Shimen Gully built diversion dikes (with lengths of 500 meters) perpendicular to the ground ( = 0 ∘ ). The diversion dikes are angled 130 ∘ in the direction of the debris flow on the alluvial fan of the Shimen Gully ( = 130 ∘ ); see Figure 11 . Below are relevant measurements and characteristics of the Shimen Gully and the diversion dikes: 8 Mathematical Problems in Engineering (1) By measuring a large-scale topographic map, we determined that the debris flow gully had an average longitudinal slope of 0.06.
(2) According to the actual sample measurements, we determined that the bulk density of the debris flow was 21 kN/m 3 . (3) The design discharge of the debris flow was 60 m 3 /s based on our calculation method.
(4) Based on the rheological experiments on the debris flow and considering the effect of large particles in the field, we determined the debris flow viscous coefficient was 50 Pa⋅s. We also determined that the debris flow yield stress was 245 Pa. 
First, we calculated the maximum superelevation, which was 1.4 m. For extra security we added an additional 0.5 m. The mud depth itself was 1.0 m. These measurements result in a diversion dike with a height of at least 2.9 m. Therefore, in order to ensure the safety of the residents and farmland, all debris flow diversion dikes should have a height of 2.9 m.
Conclusion
This study used theoretical analytical methods to create a new calculation method for the superelevation of debris flows climbing ascending slopes. We used an indoor flume experiment to verify the accuracy and reasonability of our new equation. We drew the following conclusions from the results of the study.
(1) Our new calculation method for the superelevation of debris flows climbing ascending slopes (based on the Bingham Model) considers the characteristics of debris flows and gullies, which gives it a fundamental advantage over the old equations which only consider the mean velocity.
(2) The results of the indoor flume experiments proved that our new calculation method was accurate and reasonable. With a root-mean-square error (16%), our calculation method can be used for the actual calculation of the superelevation of debris flow. Our calculation method also provides exact parameters for debris flow protection engineering.
(3) Our calculation method used the Bingham Model, which is appropriate for the calculation of viscous debris flow but inadequate for other diluted debris flows. Further methods and calculations will need to be developed to address this issue.
Ultimately, our new calculation method is able to provide more practical and reliable calculation parameters for debris flow engineering. Moreover, our calculation method can greatly improve preventive engineering efforts, resulting in improved safety and less loss of life and farmland.
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